Abstract
Introduction
It is important to understand Software Architecture Reconstruction (ARE) from a software architecture design perspective. Both activities are combined in many commercial efforts that deal with legacy software. Products have to be streamlined into a product line or parts of a system have to be reused in new products. Architects usually do not have the luxury of throwing away important investments made by an organization but rather have to embrace constraints and find economically sound solutions for new products or modernizations of existing products. A reconstruction effort aims to provide information about existing systems to an architect in order to allow sound design decisions.
Main Contributions
Our research developed and applied a quality attribute driven approach to architecture reconstruction and goal-based system understanding. The goal of the reconstruction is to provide information that will assist in the analysis of the quality attributes and provide further analysis via impact scenarios that we also call what-if scenarios. The primary contributions are listed in the following.
-The research provides an approach to analyze software quality attributes of existing systems. We named the approach SQUA 3 RE, which stands for Software Quality Attribute Analysis by Architecture Reconstruction.
-The research provides solutions to a collection of architecture reconstruction practice scenarios that are driven by quality attribute changes. -The real-world case studies develop and demonstrate the extraction of quality attribute information from existing systems and their analysis, in particular for the quality attributes performance and modifiability. The case studies lead to the development of SQUA 3 RE.
Research Approach
The majority of our research was done in industrial case studies, conducting software architecture reconstruction and architectural design. The case studies were performed in a project collaboration between the Vrije Universiteit Amsterdam, the Robert Bosch Corporation, and the Software Engineering Institute. The case studies are listed in the following.
-Automotive Window -reports about the contribution of Software Architecture Reconstruction (ARE) in a product line adoption for power sunroofs and power windows.
-Satellite -reports about architectural views generated for a legacy Satellite Tracking System. As part of the case study we developed novel collapsing strategies. -Automotive Door -reports about the deployment of components for different customer door electronic configurations in the automotive industry. A particular challenge was the elicitation of worst-case execution times. -Intrusion -was carried out for an organization that develops building security systems, such as fire, intrusion, and access systems. The case studies required close interaction with the development organization. The Satellite case study had to deal with reconstruction in classified environments where the information had to be sanitized for anonymity and approved by the organization. Although each case study had particular constraints, it did not hinder the research and the valuable industrial application to explore the SQUA Our research approach is identified as action research in which the researcher actively participates in the case studies, incorporates feedback in his research, and improves the state of the art [1] . The emphasis in action research is on documenting the learning process, which we outline in the case studies.
Related Work
Tahvildari, et al., outline an approach that uses nonfunctional requirements or quality attributes, such as performance and modifiability to guide the reengineering process [7] . Bengtsson and Bosch outline a similar approach for reengineering based upon quality attribute scenarios that drive architecture transformation [3] . In our research we developed and applied a quality attribute driven approach to architecture reconstruction and goal-based system understanding. The goal of the reconstruction was to provide information that will assist in the analysis of the quality attributes and provide further analysis via impact scenarios that we also call what-if scenarios. In the past, several ARE efforts have related their work with more common and standardized notations such as the Unified Modeling Language (UML) [4] . The goal of our approach is not to align architecture visualizations with mainstream notations, such as UML. The key to our approach is to enable architecture analysis of existing systems via a quality attribute driven approach. The analysis is motivated by the knowledge that software architectures are driven by business goals that incorporate quality attribute scenarios [2] .
SQUA 3 RE
The SQUA 3 RE method consists of a conceptual framework providing a set of coherent concepts and components to allow others to carry out a software quality attribute analysis for existing systems. The framework is partitioned in the SQA 2 , ARE, and Practice Scenario parts. The SQA 2 part provides the analysis, ARE provides the architecture reconstruction part, and the Practice Scenario part sets SQUA 3 RE in an application context. Figure 1 illustrates an overview of the conceptual framework.
The Goal-Driven Process
The starting point for a SQUA 3 RE effort comes from the application context, represented by particular Practice Scenarios [6] . Stakeholders identify what-if scenarios, which represent impact scenarios for an existing software architecture. In order to evaluate the impact, the corresponding quality attribute models, such as modifiability and performance, have to be constructed and provided with information from existing systems. The ARE part is responsible for providing the necessary information based on analysis queries. The SQA 2 part is responsible for the construction of the quality attribute analysis models, and the feeding of these models with information from the reconstruction.
Additionally it allows stakeholders to analyze the what-if scenarios. This goal-driven process provides stakeholders with feedback to support decision making processes, depending on their particular application context. 
Addressed Research Questions
The research addressed several questions, which we outline in the following.
1. To what extent are software quality attributes related to software architecture reconstruction? Software quality attributes are factors that determine the fitness of software over time. The fitness of software is measured by its reaction to changes over time. The changes are mainly driven by new requirements that organizations often did not anticipate during the original software development. Architecture reconstruction is the process of recovering and understanding of the architecture as it is implemented in the system. Because architectures are driven by quality attribute design decisions, understanding requires the recovery of these decisions. Exactly those decisions are frequently the cause why required changes break an architecture and consequently turn out to be very expensive. We illustrated this correlation in particular in the Intrusion case study where the adoption of an existing fire panel architecture was too expensive for the new intrusion panel generation. Once an architecture reconstruction is set into the organizational context it is most likely driven by quality attribute concerns, such as reuse for software product lines, porting to different platforms, and deployment in new customer configurations. These contexts typically do not have the luxury to develop applications from scratch. Identifying the costbenefit tradeoff of using existing assets will impact the quality of these new software applications. Architecture reconstruction significantly supports the identification of this cost-benefit tradeoff.
2. What type of information does software architecture reconstruction have to provide to quality attribute models? Quality attributes address particular concerns of software systems. For example, a throughput model is concerned about worst-case execution times whereas a modifiability model is concerned about dependencies in the software. Consequently, the quality attribute model determines the types of information required from the software. The time-performance expert in the Automotive Door case study required runtime information, communication protocol parameters, and event traces. The variability model of the Automotive Window case study required read and write accesses to data. We discovered that quality attribute analysis shifts the emphasis in architecture reconstruction away from the continuing discussion about what architecture comprises to methods and techniques that efficiently extract the required element types for the quality attribute models. Some quality attributes are difficult to measure and rather subjective in that they depend on the system context. The resulting models can be rather informal. We therefore experienced that in some cases it needs effort to identify which type of information is required for a particular quality attribute model. For example, the variability model in the Automotive Window case study was driven by a rather informal model. Over the course of the research we designed, developed, and applied a number of novel analysis techniques that turned out to be useful in real-world contexts.
What constitutes a quality attribute analysis of existing systems?
We previously stated that many technical contexts require the exploration of change scenarios that were not anticipated in the original product development. These change scenarios determine the constitution of the quality attribute analysis components. For example, the Automotive Door case study used a deployment practice scenario that should enable the organization to semi-automatically evaluate a new component deployment configuration. In order to semi-automate the deployment, the what-if scenarios had to be formulated in a stimulus file by the organization, the Assistant had to process the stimulus and the timeperformance model calculated the response. In the runtime practice scenario of the Intrusion case study we needed a monitor and a fully automated assistant to circumvent any user interaction. The knowledge and the decisions to adapt the topology of the wireless sensor system were captured in the Assistant and the availability model. The SQA 2 generalized the case studies by outlining the generic components Assistant, Quality Attribute Model with its Theories, Element Repository with a Meta Model, and the Interface to the existing system.
Does a quality attribute analysis approach for architecture reconstruction fit into other architecture practices?
We developed the SQUA 3 RE approach primarily in the context of architecture reconstruction case studies. During the course of the research we realized that the usage of SQA 2 goes beyond architecture reconstruction practices. SQA 2 is independent of obtaining elements provided by architecture reconstruction of an existing system, or obtaining information from an architect for a new software design. Also, the elements obtained from architecture reconstruction can be fed as constraints for a new design effort. The availability model at runtime already illustrated the usage of our analysis approach beyond classical reconstruction practices. Further evidence is provided by the bodies of work in Non-Functional Requirement Frameworks [5] and the Quality Attribute Reasoning Frameworks [2] . SQA 2 will contribute the architecture reconstruction perspective to these frameworks.
5.
What is the influence of the embedded systems domain on the analysis? Embedded systems are extremely quality sensitive because they affect daily life, often invisibly for many people. One of the major drivers in automotive, satellite, and building security industries are safe, timely, and reliable operations. Nowadays modifiability and variability have become prominent qualities in embedded systems, mainly driven by extremely competitive markets. Our experience is that the major influence is to provide quantitative models for the analysis. Computational models allow for more automation in software development and seamless mass-customization. An important further aspect is that these models allow for new certification processes between manufacturers and suppliers. Manufacturers expect a particular throughput, worst-case guarantees, low power computing to facilitate long battery lifetimes, flexibility to network protocol adaptations for various models in a vehicle platform. We therefore expect that the drivers for computational analysis models will be primarily found in the quality expectations of end-users, manufacturers, and suppliers of embedded systems. The practice today on the manufacturer and supplier side in many cases is not satisfying end-user expectations. Analysis methods beyond test and process improvements will significantly improve this situation.
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